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ABSTRACT 
In this paper we present a small portion of the results from the 
2011 SHELL tests at the MARINTEK basin. The tests involved 
towing densely instrumented flexible cylinders at Reynolds 
numbers up to 150,000 in order to study the Vortex-Induced 
Vibration (VIV) response in uniform current profiles.  
This paper presents the experimental results collected from 
a series of tests where the towing speed was continuously varied 
while the cylinder and carriage traversed the basin. As the 
cylinder is accelerated (or decelerated) the incident current 
speed is continuously changing which means that multiple 
modes can be excited consecutively in a single tow through the 
basin. These varying towing speed tests are collectively referred 
to as ‘ramp tests’.  
The response data collected in these ‘ramp tests’ are 
presented in terms of CF response amplitudes and strains and 
are carefully compared with the response data collected during 
conventional steady towing speed tests. The data shows that 
when the acceleration of the carriage is kept below a critical 
value the ‘ramp tests’ are then able to provide VIV response 
information which is equivalent to that obtained from many 
constant speed tests. One ramp test provides the equivalent 
response data of (up to) 10 constant speed tests in a single run. 
This paper also introduces a dimensionless parameter γ, 
which determines if the proposed acceleration for a ramp test 
is within acceptable limits and may be used as a substitute for 
many constant speed tests. The parameter can be used to 
determine the appropriate acceleration or deceleration rate in 
order to ensure that a ramp test will yield suitable VIV response 
data. The parameter also allows one to know quickly whether 
or not fully developed VIV is possible in a given set of unsteady 
flow conditions. 
 
 
 
 
INTRODUCTION 
Even though ocean currents are usually unsteady and can vary 
slowly or quickly in time depending on geographic location and 
environmental conditions, surprisingly little research has been 
carried out regarding the possibility of VIV in time-varying 
flows. 
Sarpkaya (1979 & 1986) and Summer & Fredsoe (1988) 
were pioneers in investigating VIV in oscillatory flows and 
contributed greatly to our understanding of the underlying 
process. More recently, Liao (2002) and Fu et al. (2013) studied 
oscillatory flow VIV on flexible cylinders primarily motivated 
by the motion of Steel Catenary Risers and the fatigue at the 
touch-down point. 
All the aforementioned oscillatory flow experiments have 
in common that there is no mean flow. This in turn means that 
the cylinder will be forced to cross its own wake. That is, 
immediately following the first half-oscillation of the test, as 
soon as the cylinder starts its return-leg, it will be forced to 
travel through the very wake it created during the outbound-leg, 
and the process will continue indefinitely. At very large 
Keulegan-Carpenter numbers (KC), where the flow oscillation 
period is large, this will probably not be a major issue since 
there will be sufficient time for the vorticity to diffuse. At low 
KC numbers, the vorticity will not have enough time to diffuse, 
and inevitably the situation starts resembling Wake-Induced 
Vibration instead of the expected VIV. This is a fundamental 
difference of the experiments discussed in this paper in which 
the cylinder never encounters its own wake. 
Fei (1995) conducted wind tunnel experiments on a 
flexible cylinder vibrating in its first mode. The main objective 
was to study whether turbulence could disrupt VIV and what 
happened to the response during strong wind gusts. Fei found 
that free-stream turbulence up to 10% did not significantly 
affect the amplitude of vibration of the cylinder. His tests 
showed that sudden gusts can disrupt VIV and he chose the 
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 cylinder ‘rise time’ and the gust's ‘duration of visit’ as the 
critical timescales that characterize the problem. 
Unlike Fei, who primarily focused on the effects of wind 
gusts and turbulence, Lague & Laneville (2002) studied the 
response of a flexible cylinder vibrating in its first mode in 
slowly varying oscillatory flows created in a wind tunnel. Their 
goal was to study the “response of the cylinder as the periodic 
variation of the flow imposes a periodic entry and exit of the 
synchronization range (at the onset and at the exit of 
synchronization)”. They found that given sufficient time the 
cylinder could reach amplitudes similar to those observed in 
steady flow tests, however their cylinder’s response was heavily 
modulated. 
Both of these studies looked at the vibration of flexible 
cylinders in air instead of water and as such their mass ratios 
were much larger than the range of mass ratios (m*=[1-2]) of 
the cylinders analyzed in this paper and are of primary interest 
to the Oil and Gas industry. The much larger mass ratio meant 
that the ‘rise time’ was on the order of many tens of cycles, 
which was visible after examining the time-histories in the 
published material.  
In stark contrast to tests performed in air, tests with low 
mass ratio cylinders –usually performed in water– have a rise 
time that is much smaller, typically between 4-10 cycles. The 
rise time, defined as the time required to reach the maximum 
response, is a strong function of the mass ratio for cylinders 
undergoing VIV. In addition to the mass ratio, the rise time (of 
any oscillator) will also depend on the damping present. 
The main objective of this paper is to present the 
experimental results collected from a series of tests where the 
towing speed was continuously varied while the cylinder and 
carriage traversed the basin. As the cylinder is accelerated (or 
decelerated) thru the basin the incident current speed is 
continuously changing which means that multiple modes can be 
excited consecutively in a single tow through the basin. These 
varying towing speed tests are collectively referred to as ‘ramp 
tests’. 
The SHELL ‘ramps tests’ were experiments of opportunity 
added to the test matrix at the last minute. At that time, the 
suitable range of accelerations that would guarantee VIV lock-
in had not yet been determined. A few values were chosen to 
see what might be learned. Nonetheless, the SHELL ramp tests 
are extremely interesting because they were performed in a 
large ocean basin with moderate acceleration, which meant that 
during a single test many modes were excited consecutively 
while the towing speed was continuously changing. 
One of the motivating reasons for studying VIV in 
unsteady flows was the desire to improve on conventional 
model testing practices by drastically reducing the number of 
runs necessary to cover a test matrix. This would result in a 
steep reduction in ‘tank time’ and associated costs. However, 
simply performing the experiment faster is meaningless unless 
it can be shown that the ‘ramp tests’ are also capable of meeting 
the test objectives.  
A free vibration VIV test may have objectives that vary 
based on the specific problem being investigated (e.g., 
evaluation of suppression devices, buoyancy distribution, etc.) 
but it invariably involves measuring the cylinder’s response at 
many different towing speeds. For rigid, elastically mounted 
cylinders this is done in order to span the entire lock-in range 
(i.e., synchronization region) whereas on flexible cylinders one 
wants to characterize the response of many different modes 
over a range of speeds. 
This paper shows some results from ‘ramp tests’ that will 
support the claim that not only can ‘ramp tests’ be used to meet 
the typical objectives of a VIV model test but they can go one 
step further by actually obtaining the response information at 
the most damaging external conditions that are easy to miss on 
a grid-like test matrix used in conventional constant speed tests. 
 
 
DESCRIPTION OF EXPERIMENTS 
The 38m SHELL experiments were conducted in the spring of 
2011 at MARINTEK’s ocean basin on behalf of SHELL 
International Exploration and Production Co. The experiments 
involved towing three densely instrumented flexible cylinders, 
of different diameters, in uniform and sheared currents.  The 
full test matrix included more than 430 runs which tested the 
effects of fairings, strakes, staggered buoyancy and marine 
growth on riser response in uniform and linearly sheared 
currents. An interesting feature of this data set was the very 
large range of Reynolds numbers covered while testing the 
three different pipes. Towing velocities ranged from 0.25m/s to 
3.45m/s which correspond to a Reynolds number range from 
5,000 to 220,000 in sheared flows and up to 150,00 in uniform 
flows. More details on the experimental set-up can be found in 
Lie et al. (2012). The results from these tests have already been 
published in a series of papers over the past few years, see 
Resvanis et al. (2012, 2014), Rao et al. (2012, 2013, 2014).  The 
properties of the three different cylinders are summarized in 
Table 1 (MARINTEK, 2011). 
 
Table 1.  Cylinder Properties 
 Pipe 1 Pipe 2 Pipe 3 
Length 38 m 38 m 38 m 
Outer Diameter 
(Hydrodynamic Dia.) 
12 mm 30 mm 80 mm 
Optical Diameter 
(Strength Diameter) 
10 mm 27 mm 27 mm 
Inner Diameter (solid rod) 21 mm 21 mm 
EI 16.1Nm2 572.3 Nm2 572.3 Nm2 
E 3.27e10 N/m2 3.46e10 N/m2 3.46e10 N/m2 
Mass in air (with 
contents) 
0.197 kg/m 1.088 kg/m 5.708 kg/m 
Mass  in water (with 
contents) 
0.078 kg/m 0.579 kg/m 0.937 kg/m 
Mass ratio 1.74 1.54 1.14 
 
The smallest cylinder, Pipe 1, was instrumented with 52 fiber 
optic Bragg strain gauges measuring pipe curvature in each of 
the Cross-Flow (CF) and In-Line (IL) directions. The optical 
fiber was located at a distance of 5mm from the neutral axis and 
was covered by a silicon sheet 1mm thick. The medium and 
large diameter cylinders, Pipes 2 & 3 respectively, had 
curvature (strain) measured at 30 different locations along the 
length and accelerations at 22 points in both the CF and IL 
directions. All sensors were sampled at a frequency of 1200Hz. 
The largest diameter pipe was simply the medium sized pipe 
with a clam-like plastic shell, 25mm thick, surrounding it. For 
the medium and large pipes, the curvature was measured at a 
distance of 13.5mm from the neutral axis and the fiber optic 
cable was then covered by a silicon sheet 1.5mm thick. Data 
will also be drawn from a set of runs where the largest diameter 
cylinder, Pipe 3, was covered in P40 sandpaper in order to alter 
its surface roughness. 
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 Damping tests conducted in air for all three cylinders yielded 
structural damping ratios of ~0.5-0.7 of critical damping. 
The SHELL tests also included some ‘ramp tests’, where 
the cylinders were exposed to uniform flows while the carriage 
and cylinder were accelerated or decelerated in linear and 
quadratic manners. Of the approximately 430 runs in the test 
matrix, approximately 15 were of the ramp type and all the 
remaining were at constant speed. These ‘ramp tests’ were tests 
of opportunity which led to the development of the unsteady 
flow parameter, γ. 
Figure 1 shows the carriage speed vs. time for a 
conventional test at constant towing speed and the carriage 
speed vs. time for a typical ‘ramp test’. 
 
 
 
 
Fig 1. Cylinder Towing Speed (m/s) vs. Time (s) for a 
conventional constant speed test (top) and a ‘ramp test’ 
(bottom) 
 
 
ANALYSIS 
In general, one is still interested in measuring the same response 
quantities as would typically be obtained from a constant speed 
test. These typically are the response frequency, the dominant 
responding mode, the RMS amplitude along the cylinder’s 
span, the RMS strain, mean drag coefficients, etc.  
At this point, it is important to remember that since the flow 
speed is changing the cylinder may or may not lock-in unless 
the conditions are favorable. If it does lock-in, it is highly 
unlikely that it will lock-in for the entire duration of the test. 
For this reason the data analysis should not be performed on the 
entire test but instead only on the section of the time-record 
corresponding to the strongest VIV response.  
Tools used to analyze non-stationary signals are especially 
useful in the analysis of the data collected from the ‘ramp tests’. 
In order to capture the unsteady behavior, all response statistics, 
like the RMS dimensionless amplitude (A/D), the curvature etc. 
are computed from within a ‘moving window’ which passes 
through the entire data record. A typical window length that was 
used, was one corresponding to 10 periods (j=10), with the 
shedding frequency determined using the instantaneous flow 
speed, U(t), and a Strouhal number of St=0.16 (i.e. the 
dimensionless response frequency in this context). 
 
Length (in seconds) of the ‘moving window’: 
 
𝑇(𝑡) = 𝑗 𝑇𝑣𝑜𝑟𝑡𝑒𝑥(𝑡)   eq.1 
 
where Tvortex is the vortex shedding period defined as: 
 
𝑇𝑣𝑜𝑟𝑡𝑒𝑥(𝑡) =
1
𝑓𝑣𝑜𝑟𝑡𝑒𝑥
=
𝐷
𝑈(𝑡)𝑆𝑡
   eq.2 
 
Since the vortex shedding frequency and presumably the 
response frequency depend on the flow speed, U(t), one vortex 
shedding period will be much longer at the beginning of the 
ramp than at the peak flow speed. Therefore, even though size 
of the time window that was used for all operators (moving 
mean, moving RMS, etc.) is of a fixed length in terms of cycles 
its actual duration when measured in seconds (or discrete 
samples) at low speeds will be much larger than the time 
window at high speeds. 
 
Now the moving or running mean of a time varying signal x(t) 
can be defined as: 
 
𝜇𝑥(𝑡) =
1
𝑇(𝑡)
∫ 𝑥(𝜏)𝑑𝜏
𝑡+𝑇 2⁄
𝑡−𝑇 2⁄
      eq. 3 
 
Similarly the moving or running Root Mean Square (RMS) of 
the signal x(t) can be defined as: 
 
𝜎𝑥(𝑡) = √
1
𝑇(𝑡)
∫ [𝑥(𝜏) − 𝜇𝑥]2𝑑𝜏
𝑡+𝑇 2⁄
𝑡−𝑇 2⁄
 eq. 4 
 
Before presenting the results from the ramp tests and comparing 
them to the response observed in the constant speed 
conventional tests it is instructive to look at a single ramp case 
in order to illustrate how the cylinder’s response to VIV 
changes with time due to the constantly increasing and then 
decreasing towing speed. 
Figure 2 shows how the carriage speed varied with time for 
a specific ramp test (#7045) on the 80mm diameter flexible 
cylinder with added surface roughness (P40 sandpaper). During 
this ramp test, the carriage speed was varied between 0 and 
~1m/s. This range of flow speeds is sufficient to excite modes 1 
thru 5 on this large diameter flexible cylinder, since the vortex 
shedding frequency changes proportionally to the changing 
velocity. Before conducting the experiment it was not known 
whether all or any of the modes would be excited.  
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 Figure 3 shows the CF RMS curvature (spanwise averaged) as 
a function of time for the same ‘ramp test’. All RMS 
calculations are actually ‘moving RMS’ calculated using 
equation 4. The local maxima that are easily identifiable on the 
plotted curvature signal are indicators of VIV lock-in at 
different modes. 
The overall trend of increasing and later decreasing 
curvature is associated with the vortex shedding off of the 
cylinder which at low speeds will sheds vortices at low 
frequencies that tend to cause a response dominated by the 
lower modes and as the velocity is increased and the vortex 
shedding frequency increases, higher modes are excited which 
induce much larger strains (or curvatures) than the those at 
lower mode numbers. Only when the flow speed is within the 
narrow band necessary to excite a given mode can lock-in 
occur. At lock-in the response amplitudes will be larger and 
approaching their limit cycles, these larger amplitudes induce 
considerably larger curvatures compared to those outside the 
lock-in band and are responsible for the local maxima visible in 
Figure 3. The increasing and decreasing curvature around each 
one of the identified maxima is consistent with traversing the 
synchronization region of a given mode.  
Figure 4 shows the mode weights (or modal participation 
factors) as a function of time after performing a modal 
reconstruction along the lines of Lie & Kassen (2006). The first 
large amplitude response observed at t=35s is dominated by 
mode 2 (at this same time mode 3 is contributing to the total 
response as a non-resonant mode). Between t=45s and 50s the 
response is dominated by the 3rd mode and the 2nd mode is 
present as a non-resonant mode. The next mode to dominate the 
response is the 5th mode between the 55th and 70th seconds. It is 
interesting to note that the cylinder ‘chose’ to skip responding 
in mode 4 during the positive acceleration portion of the test 
and only appears during the decelerating portion of the ramp 
tests around the 75th  second. The mode 4 response was 
followed by a strong mode 2 response around the 90th second. 
The absence of a strong mode 1 response was only 
explained after follow-up testing was conducted. The follow-up 
tests involved towing a considerably shorter cylinder (4m) that 
had a similar mass ratio and damping through a given range of 
velocities but under many different levels of acceleration. These 
test were conducted at the State Key Laboratory Ocean 
Engineering at Shanghai Jiao Tong University. Experimenting 
with ramp tests at many different levels of acceleration revealed 
that when the accelerations are very large the cylinder does not 
have enough time to react to the vortex shedding and build up 
its response before the velocity has changed enough to move it 
outside the synchronization-region for that mode. In contrast 
when the acceleration was small, the cylinder had enough time 
to build up its response and vibrate for several cycles at the limit 
cycle amplitude until the velocity changed enough that the 
cylinder moved outside the synchronization region of that 
mode. 
The complete analysis and results are presented in 
Resvanis (2014).  One of the most interesting results was the 
identification of a dimensionless parameter that dictates 
whether the flow conditions are changing too rapidly to allow 
lock-in and strong VIV. The unsteady flow parameter, γ, is 
formed by the product of the natural period of vibration for the 
nth mode, Tn , and the ratio of the instantaneous flow 
acceleration, dU/dt , to the current velocity necessary to excite 
the same mode, Un . 
 
𝛾 =
|𝑑𝑈 𝑑𝑡⁄ |
𝑈𝑛
  𝑇𝑛   eq. 5 
 
The physical meaning of this parameter can be thought of as the 
fractional change in flow velocity in one cycle of vibration. 
Therefore when this parameter is small the problem can be 
thought of as quasi-steady and when the parameter is larger it is 
fully unsteady. As long as the flow velocity is within the narrow 
band necessary to excite a given mode (synchronization region) 
it is the flow’s acceleration that will determine whether lock-in 
is possible: 
 For very quickly accelerating flows (γ>0.1 i.e., greater than 
10% variation in flow speed per cycle of vibration) the 
cylinder cannot react quickly enough and at most a couple 
of cycles of small amplitude vibration will be observed. 
 For moderately accelerating flows (0.02<γ<0.1) the 
cylinder will typically start vibrating and can build up a 
significant response however most of the time the flow will 
have exited the required synchronization region before the 
cylinder manages to reach the maximum amplitudes 
observed in steady flows. 
 For very slowly accelerating flows (γ<0.02 i.e., less than 
2% variation in flow speed per cycle of vibration) the flow 
is changing considerably slower than the cylinder's rise 
time and thus the cylinder has more than enough time build 
up its response. 
These ranges were determined from tests on cylinders with 
small amounts of damping (0.7-1.5% of critical) and with small 
mass ratios (1.1 to 1.7). The γ ranges will be different for 
cylinders with larger mass ratios and/or more damping since 
both mass and damping can affect the time an oscillator requires 
to reach its maximum vibration amplitude (i.e., the ‘rise time’). 
 
Table 2.  γ Values for Ramp Test #7045 
Mode, n  Un (m/s) 
(estimated) 
dU/dt (m/s^2) γ (eq. 5) Lock-in 
1 0.26 0.02 0.20 NO 
2 0.40 0.02 0.07 Possible 
3 0.54 0.02 0.04 Possible 
4 0.69 0.02 0.02 YES 
5 0.88 0.02 0.01 YES 
 
Table 2 lists the γ value for each mode that could be excited by 
the range of speeds covered in ramp test #7045. The strong 
acceleration of this specific ramp meant that it was not possible 
to excite the 1st mode which had a γ value 0.20. This implies a 
20% change in flow speed per cycle of cylinder vibration. If the 
lock-in bandwidth for this mode was Un ± 20% the cylinder 
would have entered and exited the synchronization region in 
just 2 cycles which is not enough time for that mode to respond 
and build-up its response amplitude. 
Clearly with this in mind, future ‘ramp tests’ should aim to 
keep γ constant for each mode instead of keeping the 
acceleration constant during the accelerating or decelerating 
portions of the ramp. A ‘ramp test’ that aims to keep γ constant 
for each mode will have a speed vs. time profile where U(t) is 
proportional to t2.  
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 The flow-chart shown in Figure 5 outlines the analysis 
procedure for extracting the response data that corresponds to 
lock-in for individual modes from each one of the ramp tests 
performed at MARINTEK. This is not the sole analysis 
procedure possible but it is the one used in this work and 
presented here because it was found to work consistently and 
reliably. 
 
 
RESULTS AND DISCUSSION 
Figure 6 compares the CF RMS response amplitude A/D 
(spanwise averaged) for the 30mm cylinder as a function of 
towing speed for the ramp tests and the conventional tests. It is 
interesting to note that in most cases the response amplitude 
from the ramp tests is larger than that of the conventional tests 
at similar towing speeds. This can be explained by noting that 
during a ramp test the cylinder always passes through the  ideal 
reduced velocity for maximum response for a given mode (i.e., 
the ‘sweet spot’ or Vrcrit). This is in contrast to the conventional 
speed tests which are at specific pre-defined speeds which do 
not necessarily excite the pipe at the critical reduced velocity.  
In general it is not possible to know the exact critical speeds 
before actually running the test. Therefore most conventional 
tests miss many of the flow speeds that would have caused the 
largest response. 
At very low speeds (~0.4m/s) the ramp results yielded 
response amplitudes slightly smaller than the conventional 
tests. This happens because these modes had moderate γ values 
(~0.05) and quasi-steady VIV was not achieved.  
Figure 7 compares the CF RMS curvatures (spanwise 
averaged) for the 30mm cylinder as a function of towing speed 
for the ramp tests and the conventional tests. Once again, for 
ramp #3023 the maximum spanwise curvatures are larger than 
those recorded during the conventional tests. This is entirely 
consistent with the larger amplitudes shown in Figure 6, since:  
 
𝜅 = 𝑘2𝐴   eq. 6 
 
where κ is the curvature, k is the wavenumber and Α is the 
response amplitude.  
Figures 8 & 9 compare the response data collected during 
the conventional tests with the data extracted from ‘ramp test’ 
#7045 on the roughened 80mm diameter pipe discussed earlier. 
 
The final pieces of evidence that will be presented to support 
the claim that lock-in is possible even in time varying flows 
comes from ramp tests performed using the 12mm diameter 
flexible cylinder. Because of its smaller size compared to the 
30mm and 80mm cylinders it will respond at much higher mode 
numbers. Since the cylinder is responding at much higher mode 
numbers, mode overlap becomes increasingly important and is 
believed to be responsible for the interesting phenomena 
observed. Namely, that the cylinder shows a distinct preference 
to respond at a lower mode number when the flow speed is 
increasing slowly and a preference to respond at a higher mode 
number when the speed is decreasing when compared to the 
response observed during steady speed tests. 
The final ‘ramp tests’ that will be discussed are from tests 
with the 12mm diameter cylinder.  The test numbers were 
#2117, #2118, #2129 and #2130. These four ramps covered a 
large range of velocities and both positive and negative 
accelerations. Figure 10 compares the results that were 
extracted from the time-varying portions of these four ramps 
and compares them with the conventional test results. The plot 
shows the spanwise averaged RMS curvature versus towing 
speed.  
Unlike the first two ‘ramp tests’ discussed which only 
covered modes 2 through 5 and modes 3 through 8 for the large 
and medium sized cylinders repsectively, these four ramp tests, 
which responded in modes 10 thru 25, clearly demonstrated the 
difference in VIV response characteristics that increasing and 
decreasing speed have, when compared to constant speed tests.  
There is a clear difference in the observed response 
depending on whether the flow speed was increasing or 
decreasing. The difference is believed to be the result of mode 
overlap and VIV lock-in: When the towing speed is 
continuously changing, the pipe ‘lags behind’ responding in the 
last excited mode for as long as possible. This means that when 
the speed is increasing the response ‘lags behind’ in a lower 
mode than what would be excited during a constant speed test. 
Similarly, when the speed is decreasing the observed response 
tends to ‘lag behind’ in a higher mode than a conventional speed 
test. 
This difference in responding mode number between a 
conventional test and a ramp test is shown Figure 10 which has 
a number next to every data point shown.  The numbers 
correspond to the dominant mode(s) identified through a modal 
reconstruction on short time series from the ramp data and are 
color coded to match the ‘ramp test’ they refer to. 
For the sake of clarity the figure does not list the γ values 
for each one of the extracted results. These were relatively large 
at the beginning and ending of each ramp and were very small 
near the ramp's peak. This, in turn, is responsible for the larger 
difference between ramp results and conventional tests at the 
beginning and ending of the ramps when compared to the 
difference between the ramp results and conventional tests for 
data extracted near the peak of the ramp where the γ values were 
very small. This is clearly seen with ramps #2117 and #2118.  
Near the peak speed in the ramp, γ for those modes is very small 
(γ ~0.002) and the response is essentially quasi-steady and as 
such is very close to the conventional tests for steady flow. 
The implication of this phenomenon when performing 
model testing using ‘ramp tests’ is that, if the towing velocities 
are large and high mode numbers are excited, then there will be 
a systematic bias in comparisons of stresses, strains or 
curvatures between conventional tests and ‘ramp tests’.  
 
 
CONCLUSIONS 
It is shown that a single ‘ramp test’ can provide similar, if not 
better, data describing the response of a flexible cylinder 
undergoing VIV than would be observed  in many conventional 
tests at constant towing speeds. When designing a test matrix 
for the conventional testing of flexible cylinders, one has no 
other choice but to choose a few speeds and start testing but 
there is no guarantee that the test points chosen a priori will 
actually correspond to the conditions that will cause the most 
damaging response (i.e., Vrcrit or the ‘sweet spot’). This is where 
a ramp test can prove to be extremely useful; because the 
towing speed is continuously changing, as long as this change 
in speed is slow (say γ <0.02), the cylinder will ‘choose’ the 
speed (or conditions) at which it wants to respond most 
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 vigorously. This means that is easy to identify the most 
damaging flows or towing speeds when post processing the 
results. 
The main contribution of this work is the introduction of a 
dimensionless parameter, γ, which dictates whether fully 
developed VIV is possible in a given set of unsteady flow 
conditions. The parameter can also be used to determine the 
appropriate acceleration or deceleration rates when planning a 
test matrix in order to ensure that a ‘ramp test’ will yield suitable 
VIV response data. 
Finally, by comparing results from tests on flexible 
cylinders responding at high mode numbers (10-25) it was 
possible to reveal the effects that increasing or decreasing speed 
(i.e. the sign of dU/dt) can have on the observed response of a 
flexible cylinder. It was quite clear that once the cylinder 
locked-in, it prefers to continue to vibrate at that specific mode 
for as long as possible. This, in turn, means that the cylinder 
tends to ‘lag behind’ in  response and the implication is that  the 
cylinder will tend to respond at lower mode numbers when the 
flow speed is increasing  and at higher mode numbers when the 
flow speed is decreasing when compared to the response in an 
steady flow. Both situations lead to a ‘hysteresis’ effect. 
 
 
ACKNOWLDEGEMENTS 
The authors acknowledge SHELL International Exploration 
and Production Co. for providing access to the experimental 
data and the SHEAR7 JIP members (AMOG, BP, Chevron, 
ConocoPhillips, ExxonMobil, Petrobras, SBM, Shell, Statoil & 
Technip) for supporting this research. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
REFERENCES 
[1] MARINTEK, 2011, Shell Riser VIV Tests Main Report, No. 
580233.00.0 
 
[2] Resvanis, T.L. et al., 2012, Reynolds Number Effects on the 
Vortex-Induced Vibration of Flexible Marine Risers, 
OMAE2012-83565 
 
[3] Rao, Z. et al., 2012, The Effect of Exposure Length on the 
Vortex Induced Vibration of Flexible Cylinders, OMAE2012-
83272 
 
[4] Lie, H. et al., 2012, Comprehensive Riser VIV Model Tests 
in Uniform and Sheared Flow, OMAE2012-84055 
 
[5] Resvanis, T.L., 2014, Ph.D. Thesis: Vortex-Induced 
Vibration of Flexible Cylinders in Time-Varying Flows, 
Massachusetts Institute of Technology, Cambridge, MA 
 
[6] Lie, H. & Kassen, K, 2006, Modal Analysis of measurements 
from a large scale VIV model of a riser in a linearly sheared 
flow, Journal of Fluids and Structures, 22:557-575 
 
[8] Fei, C.Y., 1995, Ph.D. Thesis: Vortex-Induced Vibration of 
Structural Members in Natural Winds, Massachusetts Institute 
of Technology, Cambridge, MA 
 
[9] Lague, F. & Laneville, A., 2002, Vortex-Induced Vibration 
of a flexible cylinder in a slowly-varying flow: Experimental 
results, IMECE2002-32167 
 
[10] Rao, Z. et al., 2014, The Identification of Power-In region 
in Vortex-Induced Vibration of Flexible Cylinders, 
OMAE2014-24472 
 
[11] Summer, B. & Fredsoe, J., 1988, Transverse vibrations of 
an elastically mounted cylinder exposed to an oscillating flow, 
Journal of Offshore Mechanics and Arctic Engineering, 
110:387-394 
 
[12] Fu, S. et al., 2013, VIV of Flexible Cylinder in Oscillatory 
Flow, OMAE2013-10348 
 
[13] Sarpkaya, T., 1979, Dynamic Response of Piles to Vortex 
Shedding in Oscillating Flows, OTC-3647 
 
[14] Sarpkaya, T., 1986, Force on an Circular Cylinder in 
viscous Oscillatory flow at low Keulegan-Carpenter Numbers,  
Journal of Fluid Mechanics, 165:61-71 
 
[15] Liao, J.C., 2002, Ph.D. Thesis:   Vortex-Induced Vibration 
of Slender Structures in Unsteady Flow, Massachusetts Institute 
of Technology, Cambridge, MA 
 
[16] Rao, Z., Vandiver, J.K. & Jhingran, V., 2013, VIV 
excitation competition between bare and buoyant segments of 
flexible cylinders, OMAE2013-11296 
 
 
6 Copyright © 2015 by ASME
Downloaded From: http://proceedings.asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/conferences/asmep/86126/ on 04/05/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use
  
 
 
Fig. 2 Towing speed vs. Time for ‘ramp test’ #7045 on the 80mm diameter flexible cylinder with added surface roughness 
(Red circles indicate the speeds at which lock-in and high amplitude VIV was observed, see Figure 3) 
 
 
 
 
Fig. 3 RMS curvature (1/m) vs. Time for ‘ramp test’ #7045 (Spanwise average of all CF sensors).  
Local maxima correpond to lock-in at the mode number indicated. 
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Fig. 4 Mode Weights, qi(t) vs. Time for ‘ramp test’ #7045 
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Fig. 5 Flowchart summarizing analysis procedure for extracting and analyzing VIV response data from ‘ramp tests’ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Using the Speed vs. Time signal calculate the size of the ‘moving window’ 
as a function of time 
𝒘𝒊𝒏𝒅𝒐𝒘 𝒔𝒊𝒛𝒆 (𝒕) = 10 𝑇𝑣𝑜𝑟𝑡𝑒𝑥 = 10 
𝐷
𝑆𝑡  𝑈(𝑡)
 
 
Carry out the ‘moving RMS’ calculations on the curvature (or strain) signals 
using the calculated window size (t) 
 
Create a plot of RMS Curvature (or strain) vs. Time (e.g. Figure 3) and 
identify the local maxima, Mi , and the times, ti , at which they occur. Use 
the time instances, ti , to calculate the corresponding towing velocities. 
 
Isolate time sections ΔΤi centered around ti that correspond to the local 
maxima, Mi , identified above (Each time section ΔΤi is ~10 cycles long but 
the duration in seconds will vary) 
 
Perform Modal Reconstruction and any other desired analysis for every 
isolated time section ΔΤi 
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Fig. 6 CF RMS A/D vs. Towing speed (m/s) for the 30mm diameter 
cylinder (Spanwise average of all CF sensors). Comparison of ‘ramp test’ 
extracted results with the conventional constant speed data. 
 
 
 
 
Fig. 7  CF RMS curvature (1/m) vs. Towing speed (m/s) for the 30mm 
diameter cylinder (Spanwise average of all CF sensors). Comparison of 
‘ramp test’ extracted results with the conventional constant speed data. 
 
 
 
Fig. 8 CF RMS A/D vs. Towing speed (m/s) for the rough 80mm 
diameter cylinder (Spanwise average of all CF sensors). Comparison of 
‘ramp test’ extracted results with the conventional constant speed data. 
 
 
 
 
Fig. 9 CF RMS curvature (1/m) vs. Towing speed (m/s) for the rough 
80mm diameter cylinder (Spanwise average of all CF sensors). 
Comparison of ‘ramp test’ extracted results with the conventional 
constant speed data. 
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Fig. 10 CF RMS curvature (1/m) vs. Towing Speed (m/s) for the 12mm diameter cylinder (Spanwise average of all CF sensors).  
Comparison of ‘ramp test’ extracted results with conventional constant speed tests. 
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